NP TR 7 G R C a A Dbl PAC WAL SN
T T M W Yy AL L P s oD o~ G LTI

H

TN s L o B A At A AR A A e s i i« e, w5 e st B85 e

AD-AD23 231

STEADY STATE ANALYSIS OF HYDRAZINE CATALYTIC
THRUSTERS FOR DIFFERENT TYPES OF CATALYSTS

T

: Antonio Crespo

Instituto Nacional de Tecnica Aeroespacial

375

s
7

Prepared for:

Ay

et
R TR S AN

Air Force Office of Scientific Research

15 January 1976

DISTRIBUTED BY:

SRt AR S TR e O e A AR S Rt R 00 3 P

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE




- 3 S AR Pl o oty g 2y ory 3 N va -.’,, s PAp it
o ff‘ﬁ'.‘{:‘: T 4'?’,‘,?‘{,:“"‘:‘_‘,9,:", &z.i u v x tw% ;(_gc. RS .ﬂ?; T AR Tt " R b D S -
i) i . - . b ’ 3

‘ P+ Ul SO LB LED) e ‘ 0

. ‘; ‘ ,_;._—— SECURITY CLASSIFICATION 8 THIS RAGE (Whan Date Entered) i 1
- - - o o e . ’ s‘g

—~] ______ REPORT'DOCUMENTATION PAGE . | . nerORe coupLeri rok i
f1.-REPORT NUMBER = - - o v 2. GOVT ACCLSSION NO.| 3. RECIPIENT'S CATALOG NUMUELR s

AFOSR - TR- 76~ 0136 i

&. TITCE (and s.,tg;,a., ’ . 5. TYPE OF REPORT & PERIOD COVERED B

' . _ INTERIM i

{STEADY .STATE ANALYSIS.OF HYDRAZINE CATALYTIC 1 Jan 1975-30 June 1975 ‘?*“

‘| THRUSTERS. FOR :DIFFERENT TYPES OF CATALYSTS §. PERFORMING ORG. REPORT NUMBER

o Report #4
8. CONTRACT OR.GRANT NUMBER(#)

A7 AUTHOR(S)

ANTONIO CRESPO AFOSR 72-2253
: 9. PEI&}FOBM!NG dRGANIiA'i’I?N P;AME AND ADDRESS 10. :zgﬁiAonﬂLrerr’n PROJECT, TASK ]
JINSTITUTO NACIONAL DE TECNICA AEROESPACIAL (INTA) 681308 UNIT NUMBERS
| PASEO. PINTOR ROSALES 34 9711-01
|MADRID 8 SPAIN 61102F ) _
: 11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE f
AIR FORCE OFFICE OF SCIENTIFIC RESEARCH/NA Jan 1576 i
: BUILDING 410 13.30;»45“ OF PAGES ‘

" ‘FQLL. ING AIR FORCE BASE, D C 20332

*MONITORING ‘AGENCY NAME & ADCRESS(If different from Controlling Ollice)

1S, SECURITY CLASS. (of this report)

UNCLASSIFIED

152, DECL ASSIFICATION DOWNGRADING
SCHEVLULE

‘J16. DISTRIDUTION STATEMENT (of this Repert)

JApproved for public release; distribution unlimited.

b et e e e e At o i

, |

H *7. DISTRIBUTION STATEMENT (of the abstract entered Iy Block 20, !f diiferent from Report)

18. SUPPLEMENTARY NOTES

§19. KEY WOROS (Continue on reverse aide il necessacy and identify by block numbder)

HYDRAZINE THRUSTERS
-CATALYSTS

AMMONIA DECOMPCSITION
ASYMPTOTIC ANALYSIS

L A
PRICES SUBJECT TO CHANG:
20, ABSTRACT (Continur on reverse side If necessary an” Ideniity by block numbor)

1A theoretical analysis has been made to determine the characteristics of the
steady state behaviour of a hydrazine decomposition engine. The model makes use
-1-of the simplification that consists in considering that the ammonia decomposition
| {s only important at high temperatures.  The results are valid for different
‘types of catalysts with different stoichiometries and reaction rates for
hydrazine and ammonia decomposition. Conditions at the chamber exit are obtained

analytically as a function of chamber length and other characteristics, in
particular expressions are given for fractional ammonia decomposition at the

3
S
o
1
&
&
5
4
%
:
4
]
3
‘é
b
y
. “’34
R
%
,-:%
A

DD ,'an'5s 1473  €oimion oF 1 Nov 65 Is oBsOLETE

UNCLASSIFIED i
SECURITY CLASSIFICATION OF VHIS PAGE (When Data Enterad) a




ST . i — " R T W 3 O Tk
T o L T 3 T o T A s Aot PR e B Sy b POV e T e

' ;ﬁéjz' "ONCLASSIFIED:

[/ Py g T—
© SEEURITS CLASSIFICATION OF THIS PAGE(hcn Data Entered)

S wee——
- “ o, .

E;.exit;w;and‘ ‘the specific impulse obtained if the outgoing mixture would be expanded
-§ to. the vacuum, Fluid and particle temtperature distributions along the chamber
4 -are -also calculated keeping, however, fixed a nondimensional parameter
experssing the ratio of the mass and heat transfer from the interstitial fluid
‘to the particle.

7
4
:
1
H
N
]
I
A\

<t se

Lom ST ¥uTa s

O R P O T
———

e

——

@ P A ————— b st B A Swnie M W A Pe ek % = B w

Py SR
R N R VS
—

——

v ——
Y L T )

L3
S 3tre o _mhe sty Sy e

“~

vt

e At 8l ot ey

I
"

- e 3y ——

YT gt A i

UNCLASSIFIED i

SECURITY CLASSIFICATION OF THIS PAGE(When Dats Entered) f




7113084
RFOSR = TRe 7 6 = 0:3[
“ 1

Grant -Numbe)n AFOSR 72-2253

STEADY STATE ANALYSIS OF HYDRAZINE CATALYTIC THRUSTERS
FOR DIFFERENT TYPES OF CATALYSTS

L I

m: A. Crespo

& Instituto Nacional de Téenica Aeroespacial
) "Esteban Terradas", Madud Spa.«.n.

. -

2 15 January 1976

&8

-

Inte/u_m Scientific Repornt #4

T 1 Januany 1975 Zo 30 0 June 1975
DD C>
PEeET ra

Prepared for AR 20 1976
WElU b
AIR FORCE OFFICE OF SCIENTIFIC RESEARCH ~ A~

Artington Vinginda

AIR TFORCE OFFICE OF SCIENTIFIC RESEARCH (APSC)

NOTICE 0F TRAVCMITTAL TO DDC

This tech 1cai :.:...> has baon reviewsd and is
and appoevad I 1 ¢ pilzase IAJ AR 190-12 (7b).

Digieibutics 45 wilimited.

lh D- B.Lv.)h

Toohnical Information ‘0fficer

EUROPEAN OFFICE OF AEROSPACE RESEARCH AND DEVELOPMENT
London, Engtand. ‘

1 wermnpyciD BY

NATIONAL TECHNICAI.
INFORMATION SERVICE

U.S. DEPARTMENT OF COMMERCE
SPRINGFIELD, vA. 22181

Approved for public rolease;
distribution unlimited.

w
R
%

TR AN/ TR TR

X el
L

R
N . .
Y e ctman it st

-

.e}‘.,.gkt Lo

it otr B BT 05 £




¥
I3
[

ABSTRACT

*
AN

- /A theoretical analysis has been made to deternine the
characteristics of thé steady state behaviour of a hydrazine
decomposition engine. The model makes use of the simplification
that consists in considering that the ammonia decomposition is

only important at high temperatures. The results are vaiid for
different types of catalysts with different stoichiometries and
reaction rates for hydraziné and ammonia deccmposition. Conditions
at the chamber exit are obtained analytically as a function of
chamber length and other chatracteristics, in particular expressions
ave given for fractional ammonia decomposition at the exit and the
specific impulse obtained if the outgoing mixture would be expanded
to the vacuum. Fluid and particle tempe:ature distributions along
the chamber are also calculated keeping, however, fixed a non- '
dimensional parameter expressing the ratio of the mass and heat

transfer from the interstitial fluid to the particle. -
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INTRODUCTION

The purpose of this work is to carry out a theoretical
analysis that will ﬁrovide,a set of relations which can be
used as a lrasis in a first steﬁ of the design of hydrazine
engines with catalytic decomﬁosition. In this work we shall
only consider the steady state behaviour of the engines.
Prévious work on the theoretical asﬁects of this problem has
been made bvaesten1 and our research group of INTA2. ‘Works
of .a more practical nature,includipg‘exéerimgntal results, have

been made by the Rocket Research Corporation3 and Adler et alu.

in all thése works and in the fresent one, it is assumed
that Hydrazine decomposes yielding Ammonia, Hydrogen and Nitrogen,
and in turn Ammonia decoméoses also giving Hydrogen and Nitrogen.
Whereas in the previous works it was assumed that the stoichiometry
of Hydrazine decomposition was given, in the present work we
consider it as a parameter making the results more general.

Kesten1 obtained extensive numerical results and provided

-a computer program for further calculations (Smith, Smith and

Kestens). Although he also gave some correlations of his nume-
rical results for some range of variation of the parameters, it
is always difficult to extend these correlations to other para-
meters of interest and to obtain the physical insight of the
probl .1 that an analytical solution provides. For example his
correlation is only valid for the Shell 405 Catalyst and some
particular conditions that were assumed regarding stoichiometry, -
velocity of reaction diffusion coefficients etc.. The prévious
work made at INTA2
Kesten that did not affectessentially the physics of the problem,
obtaining in turn a solution with all the characteristics of the

made some simplifications on the model of

_reactor, that depended only on three non-dimensional parameters
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of which only éue apﬁeared‘to be of imﬁortanée. This model

still retalned some parameters fixed such as the kinetics of
hysirazine -de ompos;tlon and: the reaction rate of ammonia decom~
position. The present model is a- further simplification of the
‘previous work? that esentially consist in considering that
ammonia decomposition is only imﬁontant at temperatures close

to the maximum one that is attained in the reactor. This simpli-
fication, in turn allows to retain as variable parameters of the
:;problem all the characteristics determining the kinetics inside
thé particle and the‘transﬁort coefficients, making the results
appliable to other tyﬁés of catalysts.

In the first part of the work the problem is stated and
@ review is made of the formulatibnjof the problem as was pre-
-sented in ref. 2, extending it in order to include more general
characteristics of the catalyst. 1In the second part the problem'
is solved considering that there is no ammonia decomposition,
providing a first approximation to some aspects of the solution
of the problem. In the third ﬁart the ammonia decomposition

gffeét: is retained.

The temperature and concentration distributions along the
chamber are calculated as functions of the particle surface
temperature distribution, and. in order to calculate it, it is
necessary to solve a single ordinary differential equation of
first order in which abéear two ﬁarameters; one related to the
ammonia decomposition rate and the other being the ratio of the
heat and mass transfer coefficients from the interstitial fluid
té the particle. A solution of this equatidh,appropiate for ]
chamber exit conditions,is found that gives temperature, concen-
tration of species,and specific impulse. This solution reproduces
most of the aspects of Kesten's1 correlation. However, in order

to find other parameters such as maximum temperature and its
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loca%tion in the chamber it is mnecessary to solve that diiferential

equation. The nature of the solution of this differential

QJ equation depends critically on whether the parameter representing

3 /ﬁ" 3 ‘f;

et i e

‘the ratio of the mass and heat traasfer cnefficients to the

particle is smaller or larger than one; in ref. 2 it was assumed

- -

i to berequal to one, whereas in ref. 1 it was taken to be less

et

- than one. The most fundamental difference in the results seems

e

F T

3 to be that for this number smaller than one a maximum is reached

o s

in the particle surface temperature, whereas if it is equal or

e

largerthan one,the particle surface température always decreases.

EFTELY

Since the mdst important results for the designer are those

: corresponding to the chamber exit , and these are obtained anali-

L
bl it o S

o tically,we do not dwell much in the present work on the signifi-

cance of this parameter, and reserve its discussion for future :

research. Numerical solutions are presented for this parameter

equal to 0.6 that is approximately the value given in ref. 1.

@'

Al uta
’
i A oDt = s e e e e A




E
s
-
8
o

1.

FORMULATION OF THE PROBLEM

The problem to bé studied consists on the steady state

analysis of the catalytic chamber of a hydrazine microthruster

for space propulsion.

In the chamber hydrazine flows between the interstices of

the particles and diffuses to their interior,where it decomposes

generaéing heat and products that are transferred to the inters-

titial fluid. In' the kinetic model assumed here hydrazine

decomposes according to the reaction

2N2Hu -+ 2(2-a)NH3 + aN2 +(3a ~ 2)“2 (1)

and in turn ammonia decomposes also

2NH3 + N2 + 3H2 (2)

The hydrazine decomposition process is exothermic with a heat

of reaction per unit mass of reactant H

h

Hy = 1930 + 300(1-a)BTU/1Db (3)

and the ammonia decomposition is endothermic with

Ha = 1400 BTU/1b (u4)

for temperatures around 1100°K appropiate for this study.

In refs. 1 and 2 it was assumed that « = 1, and in

ref 3 a=2/3 for the Shell 405. In ref. 4 a was taken 2/3 for
other type of catalyst.

The model used to study this problem in ref. 1 is
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microthruster/ are considered. In a first vapor region

présented schématically in figure 1. Three regions of the

slowly keeping its feeding temperature until it suddenly
increases to the boiling téméerature at the operating pressure.
Then, follows a region where liquid hydrazine and 1t¢s -vapors
and those of the decomﬁosition éroducts coexist. In this
region hydrazine is being vaéorized and the temperature of
the'mixtgre‘does not change. When all the hydrazine is vaporized
in the third vapor region, the heat released in the hydrazine
deéohpositipn,goes into heating the mixture increasing its

temperature. This temperature increase continues until the

éndothermic ammonia decomposition process becomes more important

than the exothermic hydrazine . decomposition process, after that,

‘when there is almost no hydrazine left, the temperature of the

flow decreases.
In the previous work carried out at INTA2 the following
equations, in the vapor region, expressing that the variation

rate of the different species along the chamber is equal to

‘ the raté at which they diffuse from the catalyst particles to
the interstitial fluid, were considered

3 ) )
o4 dz l(c(Yjs in) Ap (5)

~
\!a
-
]

Where G is the mass flow rate per unit cross section of the
chanber, p is the density, Y the mass fraction of the different
species, z the axial coordinate along the chamber, Kc a mass
transfer coeficient that depends on the interstitial fluid

properties, and Ap the external surface of catalyst particle

per unit volume of bed. Subscripts and superscrips h and a

sd e
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o nnéfeﬁ'to:hydn?zine,aﬁd,ammonia respectively, and i and s to

4 intewstitial f£luid and particle surface 2onditions.

- A similar equation is.-given for the energy conservation

‘ 'dTi .

i .

where ¢p is an average specific heat at constant pressure of the
p :§as mixture, T the temperature, and hc a heat transfer coefficient.
¥-c " This is. a system of five equations to determine the temperature

and mass fractions of the four species in the interstitial fluid

- -along the chamber. In ordéer to complete the system an equation

of state is required, that we take to be of the form

H. N Y Y R
. ot - 2 2 a h - .
3 - P=pTR| 5=+ 55~ + 15+ 37 (7)

wheié the pressure P is assumed to be constant, that means
that we neglect the pressure variations compared to the absolute
(*)

g ‘value of the pressure ; and also are required relations

between the particle surface properties and the interstitial

5, 1 Yoo
3 Fsh I e N e LR S e

fluid prcperties that we are going now to present.

st dai i i

2 Ir ref. 2 an analytical solution was found of the problem

‘i

3 of calculating the temperature and mass fractiom distribution
2 inside the particle. by solving the heat and mass conservation

equations of the four species,subject to the conditions

expressing regularity at the particle center, and that the heat
and species fluxes at the srface are those given by the right

(*) The validity of this assumption was checked in ref. 2.




‘hand side of qqhations.(s)wahd ‘¢6). From this solution the re-
‘quired rglatiéns betweén theé interstitial fluid properties and
the:panticle surface proéeities arc found. The details of this
‘resolutiangaﬁibé found in. ref. 2 yere we shall only reproduce
the final results. In ref. 1 this particle problem was solved
numerically, simultaneously with equations (5) and (6) along the
chamber. In figure 2 is ﬁregented an schematic -of the temperature
and hydrazine and .ammonia mass fracticns distributions inside the
catalyst as they where calculated in ref. 2. One of the main
_results, also appearing in ref. 1, is that the hydrazine , mass
fraction at the particle surface i§ very small compared to the
corresponding interstitial value; the decomposition rate is
controlled by external diffusion to the particle 5ecause the
velocity of reaction of hydrazine is very large. Consequently,

a detailed knowledge of the kinetic mechanism of hydrazine
decomposition is not required for this study. Whereas hydrazine
decompcses in a very thin region close to the particle surface,
ammonia decomposes in a much thicker region that may or may not

be smali compared to the particle pradius. The following equztions
exprexing an species and energy balance at thke particle surface
_give the requimd relations between the particle surface properties

and the interstitial fluid properties

) . psDasYas
D.KJ(Y.. - Y. Y= -y, ———— 2 A-v
ie i1

h
c

is’ aj a hjpiK Yhi

p D_Y
s as  as A - H h

Ha a hchiYhi
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and Vij are the stoichiometric coefficients of the decomposi~
tion reactions, vy, ¢quals -1. The left hand sides of {8) and
{9) répresent the external fluxes to the particla (see equations

(5) and (6)); the first and second terms of the right hand sides

T R A o Sy O o G IO e (WS, St

i matewss oy Jhw

represent the ammonia and hydrazine decomposition contributions

-

to the internal fluxes, respectively. a is the particle radius,
A is a non-dimensional number proportional to the slope of the

ammonia mass fraction at the inner edge of the hydrazine decomposi-

tion region, and Dé is the ammonia diffusion coeffieient in the

P alNe Pty

- particle. For an ammonia decomposition rate of the form

’

e

FURT I

*

NP N WO S

ka = b exp(- Ta/T) o h ) (11)

. Ca ‘
where b is constant( ), A is found to be a function of the three
non-dimensional parameters

3

RN -2

Y -‘Ta/TS (12) 1

2 _ 2, . -
] = kasa /DaS . (13)

B = psDasHaYas/(KsTs) ‘ (14)

where .K is the heat conduction coefficient inside the particle.
The parameter B expresses the ratio of the mass and heat . :
diffusion velocities inside the particle and is very small because,
f” whereas the diffusion is controlled by the gas inside the particle, ;
- the heat transfer is controlled by the solid part, that usually ;

o el T s

- i

* . - .
( )accordépg to ref. 1, b depends on the hydrogen mass fraction
E like Yﬁl' . However we may assume that hydrogen diffuses so fast
b, in the Sarticle that its mass fraction is constant equal to its

surface value.
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is made of aluﬁinum or other good heatconducting metals. For
vyB = 0, A takgs the form

~

A= ¢cth ¢ -1 ' (15)

For large values of § and moderately small values of yB

A = (1 + YB/6)-(1 + vB/9)+ 0C1/% )+ o(y"8%)+ 0(8)  (16)

As we shall see later, the contribution of ammonia decomposition -
is only important for large values of Ts, when § is large, and

wé shall only retain the first term of the right hand side of (16).

We now need boundary conditions for equations (5) and (6)
that give the temperature and mass fractions at the beginning
of the vapor région. The initial temperature is the boiling

temperature of hydrazine at the operating pressure

T = T, (P) . (17)

The initial value of the hydrazine mass fraction, th, is
determined by the fact that enough hydrazine should Jecompose
to lilerate the heat necessary for the hydrazine to vaporize and
reach its boiling temperature. In ref. 2 this initial value
is given in the form

; : ¢ pdan . P oy o s d
*aa‘:‘.‘*:i}:,m.&w&m@m,:i;\"l.x\,-‘m;-.{ﬁm,mwsmw*z‘amimﬁml;.:mw@cwma B etinredrn rnem SN SN b A TR s e AN

Hh
Tf = Tb.+ = th (18) :
d 3
4
> “ 8
3 where Tf can be interpreted, as we shall see later, as the %
" maximum temperature that would be reached by the mixture if v%

there would not be ammonia decomposition. Ref., 2 gives for a = 1

T = 1450°K (19)
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Ref. 1 gives, also for a = 1, the expresion
o i

L4

Te ='1u20(1‘+ 0.035(P/70))°K (20)

3 with p in atmospheres, that gives a slight variation of T

£
with pressure from 1421°K for p = 1 atm to 1463°K for p = 70 atm.

Refs. 3 and 4 give a value of 1650°K for a = 2/3. Using the same
procedure of ref. 2, and ta&ing for Hh the expression given in (3)
the following correlation seems to be appropiate for Tf

Tf = 1450 + 600 (1-~a) . (21)

that reproducés the results of refs. 1 to 4.

The initial values of the mass fractions of the other
.species are obtained as functions of the initial hydrazine mass
fraction by considering that no-ammonia has been decomposed in the

initial vaporization region. From the stoichiometry of equation
(1) it is obtained:

Y, = %.Z. (2 - o)1 = ¥,,) (22)
Y, = %g @ (1 -¥,) ' (23)
2b
Y., = i.(3x - 2)(1-7Y,.) (24)
H 32 hb

2b

Before proceeding further,it should be noticed that three

first integrals of the system of five diffetential equations (5)

and (6) can be obtained by linear combination of these equations.
On using the previous initial conditions (17) (18) and (22) to
“"(24) it is obtained for these integrals
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that allow to éxpress three of the five independent variables as

120“"

7 -1
+Y +;-Y =3

(25)

o
o
+

ol
[a]
i

o

(26)

. c H T oeT
-a)iL - 2 b =(2-q)1L . P £ ¢
t+ (2-a0)55 Y, ) R (T + °§ Y, ;)5(2-0)35 i {27)

functions of the two others.
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2. SOLUTION WITH NO-AMMONIA DECOMPOSITION ’

;As.ixﬁﬁ~s stated in the introducticn, the main simplification
of this pﬁqbiém consists in considering that the ammonia decompo-
3sitipn‘i$‘9ﬁ£y important at high particle surface temperatures,
close the maximum ohe reqéhed with no ammonia decomposition.
‘Consequently the solutioﬁ obtained in this part will reproduce
many -of the a:pects uf the general solution obtained in the next
‘part, and w..4i also;givé the oﬁtimum vdlue of the specific
impulse. / '

. / |
To npglecf~ammonﬁa decomposition corresponds to make the

. . fiprst terms on the riéht nand "side of equations (8) and (9)

xgéual to zero. With #his approximation, and considering equation
(10), equation (5)(for hydrazine)and equation (6) can be written
in the form '

(e} dyY, . ;
g hi _ h
~SE— dz KF Ap Yhi (28)
d‘T- 3 .
1 h .
¢ a7 % - HpKePi¥ps - (29)

:Bf dividing these two equations it is obtained

dTi (30)
c = - H 30
P thi‘ .h
and on integration with the initial condition (18) .. - :
Hh .
Ti = Tf - 'E; Yhi ‘31)

"When all hydrazine is decomposed T, reaches T.. From (28) Yhi
-goes to zero exponentially like

Y
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(32)

where

A 2z
£ =g/

4]

h . .
K, 0y dz (33)

h

‘chi is an slowly varying function of Ti that could 1. princﬁple

be considered constant with a certain’average value of Ti between

Tb and Tf .

By taking (31) into equations (25) to (27)we obtain the

concentration of the ‘species as functions of Yhi

_ 17 e v -
Yai = 37 (2-&)(1~.~Yhi) . (34)

hi) - ) (35)

-
n

7
16 (-

3a~-2
Thy, = 732 (1-¥
L

hi} C (36)

For Yhi equal to zero we obtain tihe conditions when all uydrazine

is decomposed

T

" 7 3a-2

s Y. . = (2-9) , ¥, = o=a , Y = (37)

f af 32 of 16 . H2f ?2

The corresponding specific impulse when this gas is expanded to
the vacuum is

2"-?—}&--?-— . 3
£5 027 2 I hjf Yif

I (38)

Using appropiate interpclation formulas for the enthalpies of the
different gecies taken from ref, 6

Ig = (56.49+42.44aJT, ~ (20117 - 8125a) (39)
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K
= 49" ey ( <& _
Yas = 17/32 (2,a)[g_$ ( = 1)Yhé] . (81)
¥ . b ’ Y]
| K®
Y = 7/16 a1l + ( == -1)Y,.. . (42)
Nos ' K2 - hat
- ’ c . )
h
- Y = 32=2 1y (ES_ - 1)Y, (43)
c
h
H p.K ¢
- h . iecp _
Tg = Tel|l + oo (5 1Yy (44)
p £ c
For all K, equal and
h
p.K c .
L, = ,352_2 =1 (45)
c

) 15."
dnd taking for{T; thé expression (21)
. 2 1/2
Ifﬁ(210 sjf.) = (1 + .0.326(4=a) - 0.02(1-a)") =
' e 4+ 0.163(1 - a) (40)

‘The values ‘0f the particle surface properties are obtained
from equations (8) and (89), with the ammonia production terms
-equal to zero, and the values of the interstitial properties.
calculated before in (31) and (34) to (36)

s as it was assumed in ref. 2, the surface properties do not
change. If Le > 1 Ts starts with a value higher than Tf.
However, in general Le is smaller than one, around 0.6.
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3. SOLUTION. WITH AMMONIA DECOMPOSITION.

- 17“0 -

/

‘Thé ammonia decomposition effect is represented by the
first term OZ the right hand side of equations (8) and (9). If
we make equation (9) non-dimensional by dividing it by h Tgs the
relative importance of the ammonia decomposition is measured by
thé ternm

The first factor in backets is small, of the order of 10-2, so

if this effect is going to be significant, A has to be large
and the parameter § must Le large too. According to this;, we

take for A the expression given in equation (16) keeping only

‘the first term of the right hand side. On using equations (11)

-and (13), we can rewrite the ammonia decomposition term as

T T -T

£
. 2Tf IS

‘Where, for typical values of catalytic reactors,

1/2  1/2 T .

- _ _a
J = H, g Dgs Tos Ps exp( 2Tf)/hc?f (46)

. Té Ts-Tf
is of order one. On the other hand the factor exp(§$— —_T-)

experiences changes of order one for relatively smallfchanges of
Ts such that

Te~T. . T
£ _s n —£,<< i
T T
8 a

since T, is much larger than Tg. According to Kesten' T, has a
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value of 27778°K. On the. other hand,if T is 'smallér than Tf

':By .an -order -of magnltude .of one, he ammonla productlon term

‘the analyéis«to neglect the -ammonia decomposition effect. However,.
- .as Yh ‘becomes smaller, T gets closay to Tf, and the ammonia

‘strong dependence on T .as the exponentlal term, we can make

18’ - .’ i>

» .

w'b\e,cc;mesg,ve:;y, ‘small. In the- prevzoqs‘part ;t was Seeh @hat,withe
\qdeaqmo@ia~d@eqmppSitfgﬁ.theaﬁarticle surface ‘temperature was
..given: by

T;q. = ’,T:f_(l - 'a-p-f; (1 = Le) 'Y’hi)

Tf Ly < 1, Ts Will be smaller thanfo,in‘a quantity of order

one (if Y,; is also of order on<) and it will be consistent with

¢

«decompos1t10n effects should ‘be taken into account. Consejuently

we c¢an as;ume~that‘theuammonla.productlon ‘term. i$ only important

f6r~vdlhes~of”T close to Tf, and: 1f J. .does not exhibit such .an

~the approx;mai*on,of taklpg_fpp J,‘g;ven in equation (46), the

value Jff corresponding to take for the vatiables determining J

the: values given in -equation: (37). Equation (9) is then written

_in the form ‘ :

(47)

This -equation has to be solved together with those determining

the evolution of the hy&pgzine mass fraction, and the interstitial

’ftgmperafupe

ay, .
hi - vy .
TR ¥4 (48)
dTi
Lg T Tg - T . (49)
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4 where the non-dimensional distance { is defined in equation (33).

;_ By eliminating T, between equations (#7) and (49) and taking Yo

E .as 1ndependeﬁ% variable, a single differentizl equation is obtained

- Y T T T_-T. |dT )
i hi o Ca_ lsT'f

k — |1 +4J exp( )

é T, £ 2T 2T, T hi

L J T. T_-T H

4 £ a s f h }

: = = exp - - annd K S (1-Le)Y, . (50)

2 Le 2T ¢ Tf Q?Tf. hi

2325 L4

& kg :-:~ .

TR VR AL e

iR

=
4

e ,r, oA " ARTERL P

- Ypi = Yhip » :
H, .
Ts =_Tf(1'(1~Le) E;T; th) ‘ (51)

This initial condition is obtained from equation (47) by
gubstituting in it the initial values of Yhi and Ti (equs.(17)and
(18)) and neglecting the effect of ammonia decomposition, that

according to this theory is expomentially small initially.

In order to reduce the number of parameters we rewrite

equation (50) and boundary condition (51) in the non-dimensional

. . . “ oo
ottt na R b O A8 e B s i e e AR

variables
T T ;T
a s £
2'1‘f Tf
"h
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Eaptoy

2 dera At DN St dt iy

o)

o
£
&1

3
20.- _'_5
(54%) g
aﬁ&meUhdary"QQndition
yE /8 ., 4= -1/8 ) (55)
. ‘'where.
A = gf/(sz/Ta) (56)
and . -
2T H
= —L J(1-L.) —D_ y. ‘
8§ = g /1-Le) o= Yip (57)
a p f .

‘that coincides with the solution given by equation (44) for no-

3
2
3
<
.
T
23
p:
g, *

6§ is .an small number, and at the entrance of the reactor ¢ is a
large negative number that makes the term exp ¢ in (s4)

exponentially small. The solution of (54) and (55) is initially
of the form

¢$°= -y

ammonia decomposition. Consequently, boundary condition (55)
will be substituted by

¢+ty=90 , y=+» (55 a)

elimirating the parameter & from this problem. 1In figure 3 is. ’
presented the solution of (54) and (S5 a) for different values 5

of A and Le = 0.6, giving the nondimensional particle temperature
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LAt aalie

s $: = 22‘ ok A exp ¢ -f-25-~y'+ ¢ (s8)
1 2.1"f Tf . ) 1"’Le ’ ' :

as functions of ;1 = -1lny

Since from (48) Y,; is related to ¢ through

Yhi = th( exp (“E).'o (59)

‘on uging (53) and (57) it can be scen that ;‘and'gi are related
by

< €y 2B+ Iné = € - f1ns} {60)

’

In figure 3 it can be seen that the particle surface temperature:
is initially smaller than the interstitial temperature ahd both
‘increase, reaching a maximum first the particle temperature, and
at a later stage the interstitial temperature. When the maximum
of the interstitial temperature is reached, both the interstitial
and particle surface temperature are equal. In ref. 2 it was
assumed that Le = 1, and the particle temperature always
eshibited a decreasing behaviour, the same is expected for L, >1.
‘However, it should be remarked that for L, > 1 the particle
surface temperature starts witﬂ}values close to Tf and the

ammonia decomposition is important from the beginning.

In figure 3 is also presented the asymptotic solution of

(54) for large values of £. The corresponding asymptotic form
of (54) is

de_ . . %— exp ¢ ' (61)
e
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that corresponds to neglect the effect of hydrazine decomposition . ;

.compared to that of ammonia decomposition that is also small

¥ << exp ¢ << 1 ’ (62) e

The solution of (60) is . . ‘ . ;

$ = a‘lna[Z%: (g, + cE] ‘ (63)

f.‘..k.u.i [

Mt

N

Akt

where c is a constaat of integration that has been calculated from
the numerical solutions and varies from -1.7 for A = 1 to 2.8 §
for A = 100. The solution érésénted;in4f§gure-3 corresponds to 5
¢ =0 that is .consistent with :considering 51 large. 1In figure 3

it can be seen that if the chamber length is moderately larger
ihan.theAdisﬁncé'coriégpéndipg,to the attainment of the maximum
interstitial temperature, the asymptotic solution gives a good
approximation for both the interstitial and particle temperatures

at the chamber exitv From equation (58) and condition (82) it

[T

.
3

. ' e g s e
'Z&M?Jh)ﬁ.@ﬁhﬂgﬁb,,‘:._m.{, REPZ R0 L SN

0 o e Vo, Lo
‘ U TIEN > o Bhoy e
R TIPS TRV RN 7 TSR I S U PSR NEN A B TR TSR

can be seen that both temperatures are practically equal at the
chamber exit.

2,

An important parameter that is usually found in the literature
is the fractional ammonia decomposition, (1~F) '

= = 32
F=Yi/Yasg =17 Y

1 ai/(2fa) (64)

Expresing Yai as a function of 'l'i =T; with equation (27), assuning
that Yhi = 0, and then-expressing Ts as function of {, through

equations (52) and (63) we arrive a2t the asymptotic form of F

c T 2T
_ __pf £ 1 A
F=1 m T Yaf in f: 521 « (65)
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_.If we observe that the quantity

R mn : 7
fp‘f Q?f 1 . . C 3
.Ha Ta Y‘af

€ =

is small, expression (65) can be approximately rewritten as

NEY -€
F o= E‘; Eﬂ . (66)

For - = 1 and Shell 405, ¢ has a value of 0.26. A correlation

forx F has been obtained in ref. 1 that has many of the characte-

ristics of equation (66), in particular, if we take for ¢ = 0.28 , %
the dependence of I on chamber length and mass flow rate turns %
out to be the same. ﬁ
To complete this work we shall now give an expression, i

. : e

velating the specific impulse that would be obtained expanding 3

to the vacuum as a function of F.

SR

S

) .
I = 2IY.h.
(Ig) FLE

J = a, N2, H2 (67) , ’%

4

b

A

where it has been assumed that the hydrazine concentration is zero. %
‘With this assumption the mass fractions of the hydrogen and §
J 3

nitrogen and the interstitial temperature can be expressed as g %

I
At

functions of Y_. by equationms (25) to_(27), and on using appropriate
interpolation formulas for the enthalpies of the species, taken

from ref. 6, the following expression, is obtained for the specific
impulse as a function of F (equation (64)) and «

2 _ 0.3(2-a) - - -
.Ef/If) =1 - T¥0.326(1-0) (1-F)[T-0.07(1-0)+0.07(2~a)(1-F]]
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vwhere lf is the maximum specific impulse with no ammonia decom-

. position obtained in the previous section’

. . Ig = 270(1 + 0.163(1-a)) sec.,
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and F is given in formulas (65) and (66). 3
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